Introduction
An umber of tools have been derived from the analysiso ft he electron density 1 in am olecular system, for example, the quantum theory of atomsi nm olecules (QTAIM), [1] the electron localization function (ELF), [2] and the localized electron detector (LED). [3] These techniques are usefulf or the interpretation of quantum-chemical computations by extracting pieces of information that may be connected to simple concepts used by chemists, such as atoms linked by bonds. The implementation of such analysism ay also provide av aluable theoretical support to challenging experimental electronic structures. The noncovalent interaction (NCI) [4] approach, anotherl ocal EDbased descriptor developedb yo ne of the presenta uthors, is one of the modern tools for chemical-bonding analysis. It is exclusively given in terms of electron density 1 (ED) and its gradient. Although the NCI approach is able to revealc ovalent bondingp atterns, [5] it is usually devoted to the visualization of weak interactions,f or which previous tools were conspicuously failing. This approachp rovides ad irect three-dimensional representation in the form of closed domains that highlight the spatiall ocalization of the interactions within the chemical system.I nt hese pictures, through the application of the NCI index, the nature of the interaction can be visually associated in practice to ac olorc ode directly related to electron density derivatives:r ed for strongly repulsive, green for van der Waals, and blue for strongly attractive interactions. Among others, NCI applications cover organicc hemistry, [6] inorganic chemistry, [7] biomolecules, [8] solids, [9] and crystallography.
[10]
The original formulation of NCI, although very useful to detectt he existence of noncovalent interactions, haso nly a semi-quantitative value. One of the present authors has previously published resultsi nw hich the integration of an ED function over noncovalentr egions reproduces rather wellt he hydrogen-bonding potentialo fs elected dimers along the whole energy potential (infinite distance, equilibrium distance, and repulsion wall). [11] More recently,S aleh et al. [12] have obtained good correlationsb etween complex stabilization energiesa nd kinetic energy densities integrated within reduced density gradient isosurfaces. However,t hese relations are limitedt od imer interactions with as imilarp hysical origin. In av ery recentd evelopment, [13] considering af rozen electron density (promolecExtraction of the chemical interaction signature from local descriptorsb ased on electron density (ED) is still af ruitful field of development in chemical interpretation. In ap reviousw ork that used promolecularE D( frozen ED),t he new descriptor, dg, was defined. It represents the difference between av irtual upper limit of the ED gradient ( r1 IGM ,I GM = independent gradientm odel)t hat represents an oninteracting system and the true ED gradient(r1 jj ). It can be seen as am easure of electron sharing broughtb yE Dc ontragradience. Ac ompelling feature of this model is to providea na utomaticw orkflowt hat extracts the signature of interactions between selected groups of atoms. As with the noncovalent interaction (NCI) approach, it provides chemists with av isual understanding of the interactions present in chemical systems. r1 IGM is achieved simply by using absolute values upon summing the individual gradient contributionst hat make up the total ED gradient. Hereby, we extendt his model to relaxed ED calculated from aw ave function. To this end, we formulated gradient-based partitioning (GBP) to assess the contribution of each orbital to the total ED gradient. We highlight these new possibilities across two prototypical examples of organic chemistry:t he unconventional hexamethylbenzene dication, with ah exa-coordinated carbon atom, and b-thioaminoacrolein.I tw ill be shown how a bond-by-bond picture can be obtained from aw ave function, which opens the way to monitors pecific interactions along reaction paths.
[a] Dr.C . Lefebvre ular density), we have proposed as upplementary tool, denoted as the independent gradient model (IGM), which leads to another noninteractingr eference. It has been also associated to the ED gradient, which leads to the new descriptor dg that identifies andq uantifies the ED gradient softening due to interactions. Compared with NCI, an attractive feature of this new methodology is to provide aw orkflow that automatically extracts the signature of interactions between selected groups of atoms. Herein, we go beyond promolecular densities and propose as ystematic procedure to reveal the interaction between chosen atom pairs from an electronic wave function.
Background
The NCI strategy has been developed to reveal and visualize interactions based on the troughs that appear in the reduced density gradient 2D plot s 1 
This function is used in generalized gradienta pproximations within the density functional theory to incorporate inhomogeneity corrections to the electron density. [14, 15] The norm r1 jj of the ED gradienti so ne critical ingredient of this calculation. In this plot, covalentb onds correspond to troughs that occur at large values of 1.I nc ontrast, drops at low densities reveal weak interactions.T ransposing these signals to the real space enablest he plotting of isosurfaces in the Cartesian 3D representation, which providesc hemists with avisual understanding of the interactions presentinc hemical systems.
The NCI methodr elies on the use of the electron density, 1. Beyonde xperimental ED, this property can also be addressed by using quantum-chemical calculations (wave function or DFT framework). For large chemical systems, such CPU-expensive calculations are rarely feasible. Consequently,t he promolecular density [16] (sum of simple exponential atomicf unctions) becomes an attractive option. Lacking ED relaxation, this approximate density has, however, shownt op rovides imilarr esults to the relaxed one as long as computations remaini nt he noncovalent domain. [5] Thus, promolecular densities are useful to study biomolecular systems, typically ligand-receptor interactions, andonly require the geometry as input.
To understand the new dg-IGMapproach proposed herein, it is important to understand where the s 1 ðÞshape comesf rom in the NCI methodology.W ithouta ny interaction presenti n the system,nos ingular drop appears in the steady exponential decay of the s 1 ðÞfunction. This is why any peculiar collapse observedi ns 1 ðÞplays ak ey role in the success of identifying chemicali nteractions within the NCI methodology.H owever, quantifying thesed rops within the NCI approach is difficult due to the need for an oninteracting reference. Initially, monomer densities were used as ar eference. However,t his reference is not well defined for heterodimers, let alone intramolecular interactions. In ar ecent study, [13] by using ap romolecular density expression, we lookedm ore closely at the origin of these drops observed in the NCI plot.
In the regions located between two (or more) electron sources (as illustrated by point 1o nt he simplified picturei n Figure 1 ), the atomicE Dc ontragradience weakenst he total gradient ED r1 jj .I tshould be noted that Wilson and Goddard first introduced the term contragradience within the molecular orbitala pproach. They used it for orbitalp airs with opposite gradients, [17] which they identified as ac haracteristicn eeded for chemical bond formation.A ss hown in Ref. [13] ,t his concept can be extended to the ED itself. In the region between electron sources Aa nd B, because the total gradient r1 jj is attenuated and falls to zero at the bond criticalp oint (BCP), the numerator of sr ðÞ(and, consequently, sr ðÞ )s uddenly drops. To quantify this drop, we previously proposed an ew virtual reference characteristic of noninteracting atoms, the IGM. In this model,p romolecular atomic EDs are summed up but the associated atomic gradients are not allowed to interfere. This is achievedb yu sing absolute values upon summing atomic gradients, which erases any ED contragradience feature. This artifice brings the system into av irtual state in which individual gradients have been added (e.g.,a tp oint 2i nF igure 1) but keep the true ED. The resulting total gradient r1
IGM
is then an upperlimit of the true gradient, and the differencebetween them, dgr ðÞ ,q uantifies the net ED gradient collapse due to interactions. In other words, the dg descriptor identifies the presence of opposites igns in the components of the total ED gradient r1 r ðÞ jj due to interactions. The first issue in addressing implementation of the IGM is to express the total gradienta sas um of individual terms associated with ED sources. Separation of the total ED gradient r1 r ðÞinto atomicc ontributionsi sanatural part of the promolecular (frozen) density.T his clearly facilitates the implementation of the IGM. As the next logical step, this work aims to extendt he range of applicabilityo ft he IGM to relaxed densities calculated from aw ave function. This furthers tep towards quantum ED is extremely important to be able to address intra-and intermolecular bonding features in organic chemis- try and inorganic and biomolecule examples, with applications in chemical reactivity in whichl arge ED rearrangements take place. To this end, in ap reliminary step we propose aw ell-defined way to cast the orbital-based ED gradientc omponents within the IGM. To our knowledge, this is the first time that such an orbitalp artitioning of am olecular ED gradient has been proposed to carry out an ED topological analysis. Av ery attractive feature of the IGM is to provide an uncoupling scheme that automatically separates intra-and interfragment interactions. We will show that this possibility remains with ED 1 coming from quantum-mechanical calculations. Finally,a new tool is proposed to extract the signature of atom-pair interactions.
The article is organized as follows. In Section 2, we first show that use of aMulliken-likeapproach to divide the ED gradient into orbitalc ontributions is not suitable within the IGM. Next, by using as ingle-determinant wave function, we propose the gradient-based partition (GBP) schemet hat gives relevant results. Then, we presenta ni mplementation of the IGM based on that gradientp artitioning. In Section 3, we show plots of sr ðÞand dgr ðÞfort he water dimer and explain how the IGM actually extracts information for interactions present in the chemical system.A fter interpreting these plots, we provide two prototypicale xamples of organic chemistry to show the possibilities offered by the two uncoupling schemes proposed (interactions between fragment or atom pairs).
Methodology
It should first be noted that division of the total ED 1 into individual sources( orbitals or atoms) is not an imperative requirement to implementt he IGM. Indeed, the aim of the IGM is not to derivea tomicc harges. The opportunity for using the IGM only relieso nt he ability to divide the total ED gradient, r1, into local contributionst hat may be assigned to ED sources. Thus an oninteracting reference (IGM) can be defined,i nw hich the individual terms involved in the expression of the total gradient are added up in absolute value. To achievet his, we first show that aM ulliken-like approachi sn ot suitable. Next, we propose the GBP to be used within the IGM.
Mulliken:APartition Scheme Unsuitedtot he IGM
In principle, an obvious strategy to construct ap artitioned ED gradientw ould be to start from ap artitioned ED. By nature, the promolecular ED satisfies this condition (sources are atoms), ands ubsequently so does its associated gradient. We took this path in our previousw ork to derive the dg descriptor based on promolecular density. [13] In contrast, ED calculated from aw ave function cannots traightforwardly be assigned to individuala toms or orbitals.I nt he case of ac losed-shell system described by as ingle determinant wave function with each molecular orbital (MO) y k occupied by two electrons,t he total ED 1 at r is given by [Eq. (2)]:
The sum is over n spatial normalized MOs (system with 2n electrons). When each MO y k is writtenasalinear combination of N normalized atomic orbitals (AO) f,weobtain [Eq. (3)]:
in which D ij is at erm of the density matrix (D ij ¼ P n k¼1 2C ki C kj ). Thus, the partitioning of the ED built up from aw ave function calculation is not unique due to the existence of overlap terms f i Â f j that cannot be univocally ascribed to individual orbitals (and subsequently to individual atoms). This problemi sk nown in quantum chemistry.M any partitioning basis-set-based schemes have been proposed in the past to divide up this overlap quantity over orbitals and thusd ecompose am olecule into atoms. [18] One of the best known is the Mulliken approach, [19] which divides up the integrated electron density comingf rom the shared electrons equally between the overlappingb asis functions. It defines the population N A for an atom A of the molecule, as in Equation (4):
with the sum running over the atomic orbitals centered on atom A,a nd N i is the number of electrons assigned to the AO f i ,asg iven by Equation (5):
in which D and S are the density matrix and overlap matrix,r espectively.F ollowing Equation (5), it is then tempting to consider the orbital ED local source 1 i associated witht he AO f i [Eq. (6)]:
The resulting component x of the ED gradientc ontribution for AO f i would then be [Eq. (7)]:
Unfortunately,t his ED gradient decomposition scheme leads to undesirable results within the dg-IGM (presented below). Preliminary tests have been performed on the C 2 H 2 molecule, which includes, among others, unbalanced basis sets (see the Supporting Information, Figure S1 ). It does not suitably describe the interaction regions. This is likely due to the mathematical form of @1 i =@x that is not solelyg overned by the AO ChemPhysChem 2018, 19,724 -735 www.chemphyschem.org gradient @f i =@x,b ut also involves derivatives taken on other AOs f j .M oreover,the resultsa re very sensitivetot he basis set, as is known to happen in the calculation of charges. Therefore, Mulliken partitioning is not used herein. Instead, we formulated an orbital partition of the ED gradientw ithoutr esorting to any ED decompositions cheme, which leads to af ormula [Eq. (10)] that is different from Equation (7).
Gradient-Based Partitioning(GBP)
Startingf rom Equation (3), the x component of the ED gradient is given by Equation (8):
Because each element f j ð@f i =@xÞ appears twice in the symmetric i Â j matrix,w ep roposet op ut together terms with the same orbitald erivative (which in the Mulliken scheme would belong to different atomic contributions, see the Supporting Information for an example), as in Equations (9) and (10):
It is important to notet hat this gradientp artitioning differs from the gradientp artitioning derived from the Mulliken schemei nE quation (7) (see the Supporting Information). Here, although all AOs f j are involved in Equation(10), the derivative is only taken on f i .W et hen propose that each @1 i =@x term be considered as an individual gradient element assigned to AO f i (similar equationsa pply to components y and z). Thus, the partitioni sc arriedo ut uniquely for each orbital althoughthe final terms are nonlocal (they involve all other orbitals). For interpretation purposes, it can be noted that the @1 i =@x component can also be expressed as [Eq. (11)]:
Independent Gradient Model (IGM)
The presence of individual components of opposite signs in the sum given by Equation (9) causes an attenuationo ft he total gradient. This is illustrated in Figure 1i nb etween electron sources Aa nd B( point 1). To quantify the degree of interaction between ED sources with such opposite gradients, we need an oninteracting reference. Based on Equation (9), to build this gradientr eference, the idea is then to erase mathematically any contragradience feature in this sum. This can be done by artificially imposingt he same sign for every term. In our previouss tudy, [13] in which we introduced the IGM based on atomic densities( promolecular ED), this was achieved by addingu pi na bsolute value the atomicg radient components in this sum.H owever,i nt his case (QMc alculations), the ED sourcesa re orbitals and it is important to avoid the detection of intra-atomic contragradience. Indeed, in an atom, such possible intershell contragradience does not correspond to interactions between atoms that we want to characterize. To do so, electron sourcesa te ach point P are divided as L or R depending on their situation with respect to P.T hus, the IGM reference at that point is constructed as follows for each orthogonal direction [Eq. (12) 
in which l runs overa ll AOs located to the left of grid point P, and r runs over all AOs located to the right of grid point P (N ¼ L þ RÞ.T his way,t hanks to the use of absolutev alues, only the interactions between the contragradiente lectron sourceso fg roups L and R are turned off. Therefore, the independentg radientm odel is av irtualr eference with the true ED 1 but in which ED gradients ources facing each other in space are not allowed to interfere. It is worth noting that, following this procedure, AOs centered on the same atom necessarily belong to the same group (L or R)a nd thus are not allowed to interact within the dg descriptor described hereafter. The norms r1 jj and r1 IGM of the true ED gradienta nd of the reference IGM gradient, respectively,c an be computed based on the three components described by Equations (9) and (12).
The dg Descriptor within the IGM
The new dg index defined in our previous work [13] is based on the difference betweent he noninteractingr eference r1 IGM (the norm of the ED gradient calculated with the IGM) and the real system [Eq. (13)]:
The gradient r1 IGM being an upper limit of the true molecular ED gradient norm r1 jj , dgð> 0Þ is am easureo ft he ED gradientc ollapse causedb ye lectrons haring between contragradientE Ds ources present in the chemical system.P ossibly, we could consider ds ¼ s 1 ðÞ IGM À s 1 ðÞ(i.e. dg=1 4=3 ), but it has not been employed herein because we demonstrated in our previousw ork [13] that, due to its mathematical form (not dividing by 1 4=3 ), dg is better suited for the IGM reference. However, for the sake of clarity andt op rogress toward an understanding of the dg content, s 1 ðÞand s 1 ðÞ IGM are reported and compared for the first two 1D examples.
In Figure 2a , the first application of the IGM reference to the hydrogenm olecule (H 2 )i sa ddressed at the quantum-mechanical low-level of theory HF/STO-3G. r1 jj (dashedr ed line) and r1
IGM
(red circles) exactly coincide outsidet he internuclear region at which no ED interference is expected. Between the atoms, the new reference r1 IGM is always greater than the The effect of extending the primitive basis set has been investigated by using the 6-311 ++G** basis set (which corresponds to adding diffuse and polarization functions on hydrogen atoms).T he two resulting dg plots in Figure 2b exhibit very similars hapes with ar elativelys mall difference in dg at the BCP (less than 14 %). The use of DFT (M06-2X functional) hardly changes the dg plot despite its knownf ailure to reproduce correct densities. [20] The study of the stability of dg versus the level of theory has been extended to the FH···NCH system and is reported in the Supporting Information. It appears that when the GBP scheme is employedw ithin the IGM, the resulting interaction signature (both covalent and noncovalent) measured by using dg remains nearly unaltered.
In as econd step, we computed s 1 ðÞ , s 1 ðÞ IGM ,a nd dg for the nitrogen molecule. As shown in Figure3a, s 1 ðÞ IGM detaches from s 1 ðÞin the internuclear region: À0.5 to 0.5 bohr,i nw hich dg takes nonzero values with am aximum at the BCP.C ompared with H 2 (dg max = 0.7 a.u.), more substantial ED gradient drops are observed in the case of N 2 (dg max = 1.7 a.u.). This result is in agreement with the respective bond orders, triple in N 2 but single in H 2 .N ext, we assessed the contribution of each individual molecular orbital y k to the dg descriptor.T od o so, in Equation (11), the sum over MOs was reduced to one single term (k)a ccording to the MO examined. The resultsa re presented in Figure 3b for each occupied MO k of N 2 .A lthoughn onadditive (dg is based on an orm calculation and is not the sum of the contributions reported in this figure), valuable informationc an be drawn from this MO analysis. As can be seen, core orbitals do not participate in the ED gradient collapse that occurs between nuclei. In contrast, bonding molecular orbitals s 2s and s 2p z make important individual contributions to dg.T he (filled) antibonding orbital s * 2s features absolutely no ED gradient drop in the bonding region. Onlys mall contributions are observed but close to the nucleus. These results can be understood thanks to Equation (11);s ee the Supporting Information forafull detailed explanation. At wo-dimensional representation of dg is given in Figure3c and df or MOs s 2p z and p y ,r espectively.I to ffers an illustration of the difference between s-a nd p-type bonding in terms of ED gradients oftening. Whereas intense electron sharing is observed along the internuclear axis fort he s 2p z MO, significant but lower values of dg are observed laterallyo utside the molecular axis for the p y orbital. Thisr esult is consistentw ith the knownf eatures of a p bond that is more diffuse than a s bond.C learly, dg detectsp laces at which the ED curvature changes as the electron cloudo ft he atoms overlaps.
Comparisonw ith Some Other Descriptors
The underlying idea of the proposed IGM and its associated dg descriptor is that interaction regions are areaso fs pace at which the curvatureo ft he electron density is alteredw hen ED sources interpenetrate. Deviation from the single-exponential behavior normally observedf or ED in isolated atoms can be addressed with descriptors, such as NCI or LED. [3] Thanks to the use of absolute values, the IGM provides an ew reference also associated with single-exponential behavior. Just like the LED, [21] dg belongs to the family of nondimensionless descriptors.
Automatic Separation of Intra-and Intermolecular Interactions
An attractive feature of the IGM is to provide aw ay to cancel the interaction between user-selected fragments properly while preserving interaction inside these fragments. By rearrangingE quation (12), as we did in Ref. [13] ,w eo btain Equation (14) for two molecularf ragments A and B: in which a runs over all AOs centered on fragment A atoms whereas b runs over all AOs centeredo nf ragment B atoms. In other words, the ED gradient interferences inside fragment A or B are maintained. However,a dding the absolute values to the two building blocks A and B turns off any interaction between them. Here, the exponent term" IGM; inter"m eanst hat only interactions between fragments are cancelled. This quantity is then used to extract solely the desired A À B interaction present in r1 jj .Accordingly,wedefine dg inter (and subsequently dg intra )a sf ollows [Eqs. (15), (16)]:
These contributionsa re wells eparated and thus additive, dg ¼ dg intra þ dg inter .I nt his uncoupling scheme, dg intra and dg inter separately describe interactions inside each fragment and between fragments,respectively.
Pair Interaction
Finally,l et us consider Equation (12) limited to the subset of M AOs centered on only two selected atoms [Eq. (17) ]:
in which M ¼ L M þ R M is the total number of AOs on these two atoms (L M and R M ,t he orbitals to the left andr ight of grid point P,r espectively). Thanks to the absolute values, the IGM provides ar eference for which ED gradient interferences are cancelled at every point P between these two atoms, compared with the situation in which gradienta ttenuation can occur [Eq. (18)]:
This is the same as Equation (9), butl imited to thes ubset of M AOs centered on the two selected atoms. The resulting dg pair ¼r 1 IGM;pair À r1 pair will take nonzero values when electronic clouds located on the atom pair perturb each other.
Results and Discussion
The water dimer wass elected first to test the dg descriptor carriedo ut from an electronic wave functiona saprototype of hydrogenb onding. In the following, as in the NCI methodolo- www.chemphyschem.org gy,t he sign of the second eigenvalue of the ED hessianm atrix is used to distinguish between attractive (l 2 < 0) and repulsive ðl 2 > 0Þ situations.F irst, as previously demonstratedf or promolecular density, [13] Figure 4a reveals that the ED gradient r1 jj itself carries information on the presence of interactions: drops are observed for the gradient in the same place as for s 1 ðÞ ,t hat is, aroundt he density critical points. In the s 1 ðÞplot, divisionb y1 4=3 magnifies the troughs,m ainly at low density at which the hydrogen-bond interaction is revealed in am ore obvious way than in the r1 jj plot. In Figure4b, all troughs (strong and weak interactions)h ave been cancelled by using reference r1
IGM
.T his result justifies and endorseso ur IGM coupled to the proposed GBP scheme over the whole spectrum of interactions by using as elf-consistent quantum-me- (14)- (16)] deliverst he expected result in Figure 4c :w e can gain specific access to intramolecular troughs, with weak interactions now fully eliminated from the NCI plot. Amere differencei nt he plots in Figure 4c and aw ould then provide the intermolecular interaction. The dg descriptor is plotted in Figure 4d as af unctiono ft he signed ED. Signals observed in both NCI plots and dg plots exactly coincide because they are centered on the BCPs. The wide spike revealed at high density corresponds to the OÀHc ovalentb onds, whereas hydrogen bondingi sd isclosed at low density.W ith as ingle treatment, thanks to the IGM uncoupling scheme, detailed information can be directly obtained for the noncovalent domain (Figure 4e) . It can be noted that the hydrogen bond is characterized by small ED gradient alterations (dg max ¼ 0:06 a.u.), one order of magnitude lower than ED interferences detectedf or the OÀHb ond (dg max ¼ 0:9a.u.). Thus, while the absolute value of the NCI descriptor s 1 ðÞis not characteristico ft he kind of interaction, dg is clearly able to distinguish between strong and weaki nteractions.H owever,w ew ould like to emphasize that dg values are in no case connected to the interaction energy. dg does not considerf ragments taken at infinite separation. In otherr espects, it can be noted (orange plot in Figure 4f )t hat the promolecular ED clearly underestimates ED gradientd rops for covalent bonding( dg pro OÀH ¼ 0:4v s. dg QM OÀH ¼ 0:9). In contrast, in the domain of weak interactions, SCF quantum-mechanicalE Da nd frozenp romolecular ED have very similarf eatures, which have served to validate the promolecular approach for weak interactions in the past. As can be expectedf rom Equation (1), dgr ðÞand sr ðÞsignals coincide on the ED axis as far as QTAIM criticalp oints are concerned (s 1 ðÞ shows more criticalp oints relatedt ot he shell structure). However,o ne advantage of the dg approach over the NCI method (withoutareference) is that peaks are only observed when interactions occur.F or example, the dg inter plot shown in Figure 4g has very clearly delimited peaks, and the signal gradually vanishes as we stretcht he hydrogen bond, owing to the use of the IGM reference. Instead, the s 1 ðÞrepresentation still displayed as harp spike at very low density due to the symmetry imposed by the presence of aBCP,even when there was no interaction anymore.I nt his case, analysis of the absence of an interaction must be done in 3D:t he volumeo ft he s 1 ðÞisosur-face vanishes, as shown in Ref. [11] .L et us now turn to the visual analysis in molecular space provided by the dg descriptor.A sd escribed for s 1 ðÞ , dg isosurfaces can be constructed and colored on aR GB color scale according to the density value oriented with the sign of l 2 .
As expectedf rom its own definition, dg isosurfaces are centered on the BCP (not directly apparent in Figure 5 ). The picture delivered by the dg intra descriptor only shows covalent bonds. Compared with the s 1 ðÞdescriptor, dg (which does not divide by 1 4=3 )g ives rise to as lightly different (more elongated) shape of the covalent envelopes. Also, am ore convex shape is obtained for dg inter compared with the compact pill shape of the s 1 ðÞisosurface. WhereasN CI was developed to highlight noncovalent features in particular,t his requires the definition of cutoffd ensities. When IGM is used, the application of appropriate ED cutoffs is no longerr equired to select the desired interaction window (strong intramolecular or weak intermolecular) and to generate associated isocontours.M oreover,t he proposed procedure is able to separate weaki ntra-and intermolecular interactions automatically,w ithouth andling input parameters. This uncoupling workflow is not limited to the study of intermolecular interactions. Indeed, user-defined fragments can be pieces of as ingle molecule. The following study of the hexamethylbenzene dication is an oteworthy example of the usefulness of dg inter .V ery recently,t he pentagonal pyramidal structure of this speciesw as confirmed by using X-ray crystallography and DFT calculations. [22] In this unconventional structure (unstablea t RT), the interaction between the apical carbon and the fivemembered ring involves ah exacoordinated carbon atom. The very unusual interaction of this apicalc arbon prompted us to investigate the bondings ituation in this molecule by using the dg-IGM.
The skeletal formula used herein is reported in square brackets in Figure 6a . It can be formally thought of as being composed of the cations C 5 CH 3 ðÞ 5 þ and CH 3 C þ .T op robe the interactions aroundt he controversiala pical carbon, the two fragmentsc onsidered for carrying out the uncouplingI GM scheme are 1) the apical atom alone and 2) the rest of the molecule. The resultingi ntrafragment 2D plot is represented in Figure 6a . It is composed of covalenti nteraction signatures (Figure 6b ) identified by using QTAIM analysis( Figure6c). It is worth notingt hat dg intra also reveals vdW interactions between the five methyl groups ( Figure 6d ) and the signature of the ring closure, which takes the form of ac igar-shaped isosurface (but not associated with ac ritical point here).
More interesting is the dg inter 2D plot that shows only two kinds of signals ( Figure 6e ). As expected, the first is associated with as tandard single CÀCb ond (dg BCP ¼ 0:50) as illustrated in (Figure 6f) . In other words, the ED gradienta ttenuationd ue to electron sharing between the apical carbon and C 5 CH 3 ðÞ 5 þ is in fact delocalized over the ring. Ac areful analysis showst hat, according to the sign of l 2 , these ED gradientd rops occur in an alternating sequence of attractive and repulsive areas. This is fully in agreement with the QTAIM analysis, which disclosed alternating BCPs and ring critical points (RCPs)a long ar ing located above the C 5 plane. The BCPs located on the five lines that join the apical carbon to the basal carbons correspond to the attractive part of the dg inter signal. The repulsive part is associated with the five RCPs located between these lines. Looking closer at the 3D representation ( Figure 6f ), it appears that electron sharing assigned to attractive interactions along the five lines of the pyramid roof (dg ¼ 0:30Þ expandso ver as lightly greater volume than the one that occurs in repulsive areas dg ¼ 0:28 ðÞ : These two types of interaction counterbalance, and the net effect is slightly stabilizing and responsible for the (weak) cohesion observed experimentally.
Finally,a ne xtremely appealing feature of the IGM is the opportunity to monitor separately selected bonds. Here, we have taken b-thioaminoacrolein as an example;i ts skeletal formula is reported in Figure 7a . As usual, the NCI analysisd iscloses troughsi nt he s 1 ðÞdiagrami nt he high ED domain (above À0.2 a.u.), which corresponds to covalent interactions, as well as two sharp signals in the low ED domain, which lead to the 3D representation reported in the same panel.L ike NCI, the dg-IGM (Figure 7b ) is able to describe covalent bondingt hat results in isosurfaces of different shapes, which enables us to identifyt he bonding type. Compared with the dg representations, it is clear that the division by 1 4=3 used in NCI stretches the s 1 ðÞsignals on the 2D plot and allows us to capture the whole range of interactions at once (strong and weak, i.e. H···N hydrogen bonding and intramolecularr ing closure) for ag iven s 1 ðÞisovalue, which is an advantage over the dg approach. However,afurther detailed dg picture can be obtained throught he use of dg pair descriptors.I nF igure 7c, we superimposed the dg pair plots computed for eight atom pairs of the molecule [Eqs. (17) and (18)] and associated with covalentbondingo rh ydrogen-bonding situations. This treatment revealed the details behind the overall contour of dg 1 ðÞ ,a nd by extension behind the NCI profile.I np articular,t he CÀC( green) and CÀH( red) peaks clearly emerge from this picture. Also, the C=Cp eak, initially drowned out by the NÀHs ignal, is now fully visible.A sac onsequence, isosurfaces can be separately constructed for pair interactions in the 3D representation. This paves the way for monitoring of specific interactions that occur during ar eaction. Similart ow hat was done previously within the NCI approach, [23] we can, for example, consider monitoring ab reaking CÀXb ond that progressively movest o an oncovalent situation over the course of aS N 2r eaction. This work is in progress in our group.
The readerc ould be tempted to associate dg magnitude with the interaction "strength". However, at the present stage of investigation, ad eeper understanding of the chemical Figure 6 . dg 2D plots and 3D isocontours for the hexamethylbenzene dication treated as the assembly of two fragments, an apical carbona nd the rest of the molecule;color coding in the range À0:5 < sign l 2 ðÞ < 0:5a.u, isovalues in a.u. meaningo fdg is yet to be achieved. The value of dg is related to density reconstruction and thus to the strength of the bond, but not in ad irect manner.I nteraction signatures dg pair have am ore-or-less flared shape, which suggeststhat attempts to correlate energetics or bond indexes to the dg descriptor should consider integration schemes.I ti sw orth noting that dg-IGM offers ac lear advantage over the previous integration scheme (which requires as pline interpolation for the noninteracting system to be carried out separately) implemented in the NCI method. [11] Indeed,t hanks to the IGM, noninteracting reference can be defined with just an extra line of code,w hich speeds up the calculation considerably.F or heterodimers, the issue of choosing between two reference splines no longer arises.
Summary and Outlook
This paper reports on an ongoing effort to develop methods able to reveal molecular interaction signatures from the ED topology. It follows av ery recent work that presented an ew reference model, the IGM, which was initially developed for promolecular ED. Herein,t his model is extended to relaxed ED for closed-shells ingle-determinant wave functions. First, we cast the orbital-based ED gradienti naf orm that is most effective to divide it into components that may be assigned to ED gradients ources( atomic orbitals). This GBP is the fundamental prerequisite to carry out the IGM. Next, by regrouping gradient sourcesi nto two sets accordingt ot heir position relative to the currentg rid point and by using absolute values taken around each set, we have proposed af ully noninteractingg radientr eference r1
IGM
,a nu pper limit of the true ED gradient r1 jj . The resulting difference, the dg descriptor,i sameasure of electron sharing brought by ED contragradience, ac oncepti nitially developed for orbital pairs with opposite gradients. The modelh as been analyzed and tested for simple cases and more sophisticated ones. As with the NCI approach, 3D isosurfaces can be constructed and enable spatialr epresentations that cover al arge range of interactions associated or not with the BCP,t hat is, covalent bonds, hydrogen bonds, van der Waals interactions, and steric clashes. One major interesting www.chemphyschem.org use of dg is to only describei nteraction situations, which makes it ak ey asset for integration schemes that have emerged in the past few years to find ar elationship between local properties in such regions and energetics properties. Note, however,t hat by construction the dg-IGM is limited to theoreticalE Dm odels, which rules out the use of experimental ED, whereas the NCIa pproach has no such limitation. Another advantage of these s 1 ðÞisosurfaces is that they lead to "chemical" topological charges connected to the conceptual meaning of shell structure in atoms. [24] Ac ompelling feature of the IGM is that it enables the design of customized ED references that cancel interactions between user-selected groups of atoms. Acrosst wo case studies, we have illustrated the usefulness of two such IGM schemes. On the one hand, we have shown how to uncouplei ntra-from interfragment interactions.T he dg inter index enables automatic extraction of interfragment interaction signatures withouts upplying any user-dependent parameter.O nt he other hand, we have made use of an ew procedure to targetaspecific given atom-pair interaction in am olecule. These uncoupling tools should prove useful in exploring the interaction patterns of molecular systemsover alarge scale of strength. Also they provide new opportunities to monitor chemical changes that occur in ar eactionb yu sing data from reaction-path calculations. Thiswork is in progress in our group.
Attempts are currentlyu nderway to exploit the dg descriptor within integration schemes for chemical bonding studies. In fact, although the spatial representations generated from dg reflect the common chemical concept of bond in ac lear and intuitive manner,b eing distinctly different for single or double bonds,a nd although the dg magnitude is able to distinguish between weak and strong interactions and even to make an appropriate distinction between certain covalentb onds, the chemicalc ontento ft his descriptor remains to be determined. Thus, work is still required to establish ap roper correlation with properties such as energy bondingo rf orce constant, or bondingi ndex.
ComputationalMethods
All descriptor computations were carried out by using IGMPlot [25] (promolecular ED) and amodified version of NCIPlot (quantum-mechanics ED). [26] If not otherwise stated, full geometry optimizations have been performed at the DFT (M06-2X/6-311 ++G**) level of theory in the gas phase by using the Gaussian 09 package. [27] Every minimum was carefully characterized through harmonic analysis (stationary points with no imaginary frequencies). Geometry optimization of the hexamethyl dication has been carried out at the DFT (B3LYP/Def2TZVP) level of theory (singlet state) as mentioned by the authors. [22] 
